We review the cosmology induced by finite temperature and quantum effects on non-supersymmetric string models. We show the evolution is attracted to radiation-like solutions after the Hagedorn era and before the electroweak phase transition. This mechanism generates a hierarchy between the Planck mass and the supersymmetry breaking scale. A dynamical change of space-time dimension can take place.
The observations of the Cosmic Microwave Background at 3K show that a small percent of the energy density of the universe is due to a thermal bath of radiation. Because of its expansion, our space was smaller and hotter in the past and a radiation dominated era must have taken place. In such a state, the universe looks like a black body, which is commonly described as a "big 3-dimensional box", with periodic boundary conditions, filled with a gas of massless states at temperature T .
With this simple picture in mind, we describe our space as a torus T 3 of volume V = (2πR box ) 3 , where the thermal bath of states contains in general modes of various masses.
Moreover, the pressure of this gas pushes the "walls of the box" and induces an evolution of the universe. In some cases, the volume V , the temperature T , the pressure P and the energy density ρ of the bath may be computed for all time, supposing their evolutions are quasi-static.
Since black body physics is quantum, our aim is to implement the above approach of cosmology in a well defined framework for quantum gravity, namely string theory. At present time, it is the most promising context for describing the very early phases of the universe, with the hope to provide a consistent description of the epochs where general relativity predicts a big bang initial singularity. Moreover, string theory unifies gravity to the other known interactions. Thus, it has potential for connecting two disciplines: Cosmology and particle physics. Actually, at late time, when the temperature is low, one would like to recover models where N = 1 supersymmetry in 4 dimensions is spontaneously broken. Since we are interested in this review in homogeneous and isotropic evolutions, the models we consider have at least 3 mass scales a priori time-dependent: The temperature T (t), the supersymmetry breaking scale M(t) and the inverse of the scale factor 1/a(t).
In this context, we can schematically divide the cosmological evolution in three epochs:
-The Hagedorn era : At ultra high temperature, a phase transition occurs generically in string theory. It is due to the exponential growth of the number of 1-particle states as a function of mass. This implies a divergence of the canonical partition function at the Hagedorn temperature T H that signals a phase transition. Several strategies to deal with it have been proposed in the literature but will not be discussed here [1] .
-The electroweak phase : When the temperature approaches the renormalization group invariant electroweak scale Q, radiative corrections become important. The latter are responsible for the electroweak symmetry breaking via the Higgs mechanism. It has been shown at the level of field theory that the supersymmetry breaking scale M(t) is then dynamically stabilized around Q [2] .
-The intermediate era :
In the present work, we focus on the cosmological period where the temperature and supersymmetry breaking scale are in the ranges T H ≫ T ≫ Q,
In practice, we consider arbitrary initial boundary conditions at the exit of the Hagedorn era and study the general isotropic and homogeneous evolutions of the universe. We are going to see that they are attracted to Radiation-like Dominated Solutions (RDS) [3] [4] [5] .
To be specific, we consider at tree level heterotic string models with N = 2 or N = 1 supersymmetry in 4 dimensions, with internal space
These choices have the advantage to allow an exact (in α ′ ) conformal field theory description on the world sheet, even when the models are deformed in order to break spontaneously N = 2 or 1 → 0. Physically, this can be achieved by switching on magnetic fluxes in the internal space, using a stringy generalization of the Scherk-Schwarz mechanism [6] . In practice, this is done by imposing different boundary conditions between superpartners, along internal 1-cycles. For example, we implement this around the circle S 1 (R 4 ) of radius R 4 on which the orbifold may act.
To study the canonical ensemble of this non-supersymmetric spectrum, we consider the Euclidean version of the background, where the time is compactified on a circle S 1 (R 0 ) of perimeter β = 2πR 0 . To interpret β as the inverse temperature (measured in string frame),
we impose (anti-)periodic boundary conditions for the bosons (fermions) along this circle.
The free energy F defined in terms of the canonical partition function Z th can be expressed as F = −(ln Z th )/β = −Z/β, where Z is the string partition function computed on the Euclidean background. From now on, we suppose the string coupling is small and compute Z at 1-loop order, which means the gas is almost perfect. The benefit to evaluate Z in string theory is that it is finite in the UV. In field theory, this would only be the case for supersymmetric spectra.
In our explicit heterotic backgrounds, one finds
and
The integer n T +ñ T is the number of massless boson/fermions pairs in the parent supersymmetric model we started with. The important thing is thatñ T = 0 when the orbifold action is trivial on the direction 4, whileñ T > 0 when it is non-trivial. n V is an integer that depends on the details of the internal flux and satisfies −n T < n V ≤ n T . The contributions explicitly given in Eq. (1) arise from the Kaluza Klein (KK) towers of states associated to the radii R 0 and R 4 , which by definition are large compared to 1 (in string length unit) in the intermediate era. The expressions of f T and f V can be found in [3, 4] . The remaining contributions in Eq. (1) arise from the other massive states. Supposing all internal space moduli (except M) introduce mass scales much larger than T and M, these terms are found to be of order e −2πR 0 or e −2πR 4 and can be safely neglected. This fact is just the consequence of the Boltzmann factor suppression.
To study the back-reaction of the 1-loop correction at finite temperature on the classically flat and static background, we consider the low energy effective action. In the intermediate era, the latter is well defined in four dimensions, since the universe is already very large (compared to the string length). For the Lorentzian metric in Einstein frame, dilaton φ dil and scalar R 4 , the action takes the explicit form,
where Φ = 2/3(φ dil − ln R 4 ) and φ ⊥ = 1 √ 3
(2φ dil + ln R 4 ). The temperature and supersymmetry breaking scale measured in Einstein frame are T = 1/(2πR 0 e −φ dil ) and M = e √ 3/2Φ = 1/(2πR 4 e −φ dil ). For an homogeneous isotropic universe, the metric takes the form
, where a = 2πR box e −φ dil . Note that the laps function is the inverse temperature, as follows by analytic continuation of the Euclidean background. The stress-energy tensor contains the classical scalar kinetic terms and a 1-loop contribution T µ ν = diag(−ρ, P, P, P ) µ ν that satisfies
It is remarkable that these relations derived from the variational principle coincide with the results found from the laws of thermodynamics. In the present case, we have P = T 4 p(z)
and ρ = T 4 r(z), where r = 3p − dp/dz and e z = M/T .
The equations of motion yield
where H =ȧ/a with the definition of time dt = dx 0 /T . We also denoteẏ ≡ H(dy/d ln a) := H • y. In Eqs (4), the functions C i (z;
• z,
• φ ⊥ ) (i = 1, . . . , 6) can be found in [3] and dV/dz = r − 4p. Clearly, when V(z) admits an extremum z c , a very simple solution with constant
Geometrically, it satisfies R 0 (t) ∝ R box (t) ∝ R 4 (t) ∝ e −2φ dil (t) → +∞, consistently with the weak coupling approximation. Moreover, all time-derivatives vanish at late time, so that the quasi static hypothesis is also reliable. Note that the evolution (5) mimics that of a radiation dominated universe in 4 dimensions, but is not radiation dominated. Actually, since R 4 increases proportionally to R 0 , the masses of the KK states along the direction 4 decrease with T . Thus, these modes never decouple from the thermal bath. In fact, the state equation is ρ = 4P and it is only once we take into account the classical kinetic energy of M(t) that the total energy density and pressure satisfy Stefan's law in 4 dimensions,
When n V > 0, one finds that V(z) is monotonically decreasing and unbounded from below. As a consequence, there is no critical point z c and the above radiation-like solution (RDS) does not exist. In this case, the universe is actually attracted into a phase of contraction where our analysis breaks down [3] . Thus, we focus from now on the models where n V < 0. When the orbifold action is non-trivial on the direction 4 (and thusñ T > 0), one finds V(z) has a unique extremum z c , which is a minimum such that A(z c ) > 0. As a result, the RDS in Eq. (5) exists. However, the same conclusions apply to the models where the orbifold action is trivial on S 1 (R 4 ) (and thusñ T = 0), if and only if −1/15 < n V /n T < 0.
To be relevant, the RDS we have found have to be stable under small time-dependent
. This fact happens to be true since the equations of motion imply ε (z) and ε (⊥) are dying off, when t → +∞. The important thing to note is that in some sense, the RDS is actually the unique cosmological evolution in the intermediate era. For arbitrary initial conditions at the exit of the Hagedorn era, the generic solution of the system of differential equations converges towards the RDS (as can be observed by numerical simulation). The latter is thus a global attractor of the dynamics.
When the orbifold action is trivial on S 1 (R 4 ) and n V /n T ≤ −1/15, V(z) is monotonically increasing. It diverges exponentially when z → +∞ and converges to a constant when z → −∞. This suggests that the dynamics may attract z(t) to large negative values, where it should behave as a modulus along the almost flat direction of V. Actually, for
where terms of order e −2π(R 0 /R 4 ) −1 are neglected. The above expression invites us to reconsider the dynamics of the universe from a 5 dimensional point of view, where
interpreted as a fifth "external" dimension. Thus, we rewrite the action (2) in terms of fields suitably normalized in 5 dimensions and denoted with "primes",
Looking for homogenous and anisotropic cosmologies, we consider a metric ansatz
. The equations of motion for the time-dependent fields T , a ′ , φ ′ dil and e ξ := b/a ′ can be found in [3] . To solve them in the regime R 0 /R 4 ≪ 1, we first neglect the subdominant term of order 4 in Eq. (6) . It is then possible to show that
, ξ 0 , when t → +∞. This parameters are actually moduli determined by the arbitrary choice of initial conditions at the exit of the Hagedorn era. The dynamics is thus attracted by the solution
which describes a radiation dominated universe in 5 dimensions. This is not a surprise, since the scalar kinetic energies vanish and the state equation of the total energy density and pressure reduces to the thermal one, ρ ′ = 4P ′ = 4T ′5 n T c 5 , which satisfies Stefan's law in 5 dimensions.
To study the effect of the residual term O(e 4z ) we have neglected in Eq. (6), we consider small perturbations around the evolution (8),
Using the equations of motions at first order in e 4z , one finds
• ε dil = 0. This shows that the residual force implies e z decreases slightly, a fact that justifies the validity of the attraction mechanism towards the RDS in Eq. (8). Actually, the process we have described is a dynamical decompactification of the internal S 1 (R 4 ), with a "dilution" of the supersymmetry breaking flux around it.
To summarize, we have shown that for n V < 0, the evolution of the universe converges to a radiation-like cosmology during the intermediate era, with an eventual change of space-time dimension. Actually, the condition n V < 0 means that the internal flux implies a negative contribution to Z. It is also important to note that even if the supersymmetry breaking scale M(t) is initially close to the Planck mass, its dynamics drives it to the electroweak scale, thus creating a hierarchy. Moreover, let us recall we derived these results under the hypothesis that all internal space moduli (except M) introduce mass scales much larger than T and M. However, this fact happens to be inevitable, as a consequence of over attraction properties of the radiation-like solutions [3] . This fact is relevant to generate a "desert"
between the Planck and the electroweak scales.
